This study tested the hypothesis that for similar degrees of left ventricular hypertrophy, subendocardial blood flow would be facilitated by the increased diastolic coronary perfusion pressure associated with arterial hypertension, as compared with hypertrophy produced by banding the ascending aorta. Left ventricular hypertrophy was produced with perinephritic hypertension in seven adult dogs and by banding the ascending aorta in nine adult dogs. Left ventricular/body weight ratios were 6.15 + 0.59 g/kg in the hypertensive animals and 6.87 ± 0.47 g/kg in dogs with aortic banding, as compared with 4.23 ± 0.23 g/kg in seven normal dogs (p < .01). Studies were performed at rest and during two stages of treadmill exercise to achieve heart rates of 195 and 260 beats/min. Diastolic aortic pressure was increased in animals with hypertension but not in dogs with aortic banding. Systolic ejection period was prolonged in dogs with aortic banding but not in hypertensive dogs. Mean blood flow per gram of myocardium measured with microspheres was similar at rest and during light exercise in all three groups of animals, whereas during heavy exercise blood flow was significantly greater than normal in both groups with hypertrophy. In normal dogs subendocardial/subepicardial (endo/epi) flow ratios did not change significantly during exercise. In both groups with hypertrophy, endo/epi ratios were normal at rest but decreased significantly during exercise. During heavy exercise the endo/epi ratio decreased to 0.73 ± 0.08 in dogs with aortic banding as compared with 1.07 ± 0.12 in hypertensive dogs (p < .01). These data suggest that the increased diastolic coronary perfusion pressure in hypertensive animals facilitated perfusion of the subendocardium of the hypertrophied left ventricle during heavy exercise.
ties are most severe in the subendocardium. 5 Since the subendocardium is perfused principally during diastole, differences in diastolic coronary perfusion pressure could account for differences in the incidence of angina pectoris in aortic stenosis as compared with arterial hypertension. Thus arterial pressure available for perfusing the coronary vessels during diastole is increased in patients with hypertension, whereas diastolic aortic pressure is essentially normal in patients with aortic stenosis.
This study was carried out to examine the importance of diastolic aortic pressure on perfusion of the hypertrophied left ventricle. Equivalent degrees of left ventricular hypertrophy were produced in dogs by means of perinephritic hypertension, which results in increased diastolic coronary perfusion pressure, as compared with ascending aortic banding, in which coronary perfusion pressure during diastole is not increased. Myocardial blood flow was examined both at rest and during treadmill exercise.
Methods
Studies were performed in 23 adult mongrel dogs weighing 16 to 32 kg trained to run on a motor-driven treadmill and divided into three groups. Group 1 consisted of seven normal dogs which served as a control. Group 2 consisted of seven animals in which left ventricular hypertrophy was produced by means of perinephritic hypertension. Group 3 consisted of nine dogs in which left ventricular hypertrophy was produced by banding the ascending aorta. All studies were carried out to conform to the guiding principles for care and use of laboratory animals of the American Physiological Society. Group 1. Seven normal adult mongrel dogs were anesthetized with sodium pentobarbital (25 to 30 mg/kg iv), intubated, and ventilated with a respirator. A left thoracotomy was performed in the fifth intercostal space and the heart suspended in a pericardial cradle. A polyvinyl chloride catheter, 3.0 mm od, was inserted into the left ventricular cavity through a stab wound in the apical dimple and secured with a purse-string suture. A similar catheter was introduced into the left atrium via the atrial appendage and sutured in place. A third catheter was advanced into the ascending aorta via the internal thoracic artery. The catheters were tunneled subcutaneously to exit at the base of the neck, the thoracotomy incision was repaired, and the animals were allowed to recover. Catheters were subsequently protected by a nylon vest that the dogs were trained to wear. Group 2. Group 2 consisted of seven animals in which left ventricular hypertrophy was produced by means of perinephritic hypertension. Animals to be made hypertensive were anesthetized with sodium pentobarbital (25 to 30 mg/kg iv), a left flank incision was made under sterile conditions, and the left kidney was dissected free. The kidney was loosely wrapped in silk and returned to its normal position, the incision was closed, and the animal was allowed to recover.6 Four weeks after the initial surgery, the animal was anesthetized with sodium pentobarbital and a right nephrectomy was performed through a right flank incision. Postoperatively, blood pressures were taken at weekly intervals with a Doppler ultrasound transducer (Arterio-Sonde Model 1020); all animals included in this study sustained at least a 50 mm Hg increase in systolic blood pressure after surgery. The reliability of the ultrasound blood pressure measurements was established by comparison with intra-arterial pressure measurements obtained by direct femoral arterial puncture. After recovery from surgery, the animals were trained to run on a motor-driven treadmill. An average of 5 months after the initial surgery (range 3.5 to 7.5 months), the dogs were anesthetized with sodium pentobarbital (25 to 30 mg/kg iv), intubated, ventilated with respirator, and a left thoracotomy was performed in the fifth intercostal space. Catheters were placed in the ascending aorta, left atrium, and left ventricle as previously described. Studies were performed 14 to 21 days after thoracotomy. Group 3. Group 3 consisted of nine adult mongrel dogs in which left ventricular hypertrophy was produced by banding the ascending aorta. The dogs were anesthetized with sodium pentobarbital (25 to 30 mg/kg iv), intubated, and ventilated with a respirator. A right thoracotomy was performed in the third intercostal space. The ascending aorta was dissected free from surrounding fat and connective tissue and reinforced with a woven Dacron tube as described by Newman and Webb7 to prevent aortic rupture. A No. 7F NIH catheter was inserted percutaneously into the left femoral artery and advanced retrograde into the left ventricle for pressure measurements. During continuous monitoring of left ventricular pressure, the ascending aorta was constricted with umbilical tape to increase peak left ventricular systolic pressure at least 60 mm Hg above the control value but not to cause left ventricular end-diastolic pressure to exceed 20 mm Hg. After the desired degree of constriction was achieved, the umbilical tape ligature was tied in place, the thoracotomy was repaired, and the animal allowed to recover. After development of left ventricular hypertrophy over 2 months, the animals were returned to the laboratory and anesthetized with sodium pentobarbital (25 to 30 mg/kg iv), intubated, and ventilated with a respirator. A left thoracotomy was performed in the fifth intercostal space and catheters were placed into the left atrium, left ventricle, and ascending aorta as previously described.
Experimental measurements. Aortic, left ventricular, and left atrial pressures were measured with Statham P23Db pressure transducers fastened at midchest level to a nylon vest that the dogs had been trained to wear. In addition, the arterial catheter was attached to a polyethylene tube connected to a Harvard Model 1210 constant-rate withdrawal pump to allow blood sampling. Phasic and mean aortic pressures and left ventricular pressure at both normal and high gain for measurement of end-diastolic pressures were recorded on a Hewlett-Packard 8800 eight-channel direct-writing oscillograph. Myocardial blood flow was measured with microspheres, 15 gm in diameter, labeled with gamma-emitting radionuclides 1251, 5'Cr. 85Sr, 95Nb, or 46Sc (New England Nuclear, Boston, and 3M Co., St.
Paul, MN). Microspheres were obtained at 1.0 mCi of each nuclide in 10 ml of 10% dextran. Before injection the microspheres were dispersed by agitation for at least 15 min in an ultrasonic water bath. Blood flow measurements were performed by injecting 2 x 106 microspheres into the left atrial catheter.
Beginning 5 sec before microsphere injection and continuing for 90 sec, a reference sample of arterial blood was collected from the aortic catheter at a constant rate of 15 ml/min. Injection of microspheres resulted in no detectable change in arterial, left atrial, and left ventricular pressures in any of the dogs included in this study.
Measurements of myocardial blood flow were made during quiet resting conditions and during two levels of treadmill exercise that increased heart rates to approximately 195 beats/min (light exercise) and 260 beats/min (heavy exercise). Microspheres were injected 3 min after the dogs had achieved the desired speed and grade on the treadmill, and exercise was continued for 2 min after injection of microspheres. Heart rate and all pressures were monitored continuously to ensure that a hemodynamic steady state existed before and after injection of microspheres. A minimum interval of 20 min was allowed between exercise interventions.
After completion of study, the dogs were killed with a lethal dose of sodium pentobarbital and the hearts were removed, weighed, and fixed in 10% buffered formalin. The atria and great vessels, right ventricle, and epicardial vessels were dissected from the left ventricle, and the left ventricle was divided into four transverse rings of equal thickness from base to apex. Each ring was divided into six circumferential regions representing interventricular septum, posterior wall, posterior papillary muscle region, lateral wall, anterior papillary muscle region, and anterior wall. Each specimen was then divided into four transmural layers of equal thickness from epicardium to endocardium, weighed, and placed in vials for counting. Myocardial and blood reference samples were counted in a Packard Model 5912 gamma counter with multichannel analyzer at window settings corresponding to the peak energies of each radionuclide. The activity recorded in each energy window was corrected for background and for overlapping counts contributed by the accompanying isotopes with a digital computer.8 Blood flow to each myocardial specimen (Qm) was computed with the formula Qm -Qr Cm/Cr, where Qr = reference blood flow (ml/min), Cm = counts per minute of the myocardial specimen, and Cr counts per minute of reference blood specimen. Blood flows (ml/min) were divided by the sample weights and expressed as milliliters per minute per gram of myocardium.
Heart rate and arterial, left atrial, and left ventricular pressures were measured directly from the strip-chart recordings. The systolic ejection period was measured from the upstroke of aortic pressure to the dicrotic notch in nornal and hypertensive dogs. In dogs with aortic banding, the beginning and end of ejection were determined from the crossover points of aortic and left ventricular pressures. Myocardial blood flows from the corresponding transmural layers of each of the six circumferential regions were compared by analysis of variance testing. A p value < .05 was required for statistical significance. Since the circumferential position of the myocardial specimen was not found to exert a statistically significant effect on flow, data from all six circumferential sections were pooled. Thus, during each intervention all myocardial blood flow data were reduced to mean values representing the four transmural layers. Endocardial/ epicardial blood flow ratios were obtained by dividing flow to the most endocardial layer by flow to the most epicardial layer. Mean left ventricular blood flow for each intervention was determined as the weighed average of flow to all left ventricular samples for each dog.
Results
Anatomic data are shown in table 1. Left ventricular weights were similarly increased in the two groups of animals with hypertrophy, resulting in left ventricular/body weight ratios that were significantly greater than normal. There was no significant difference in left ventricular/body weight ratios between hypertensive animals and dogs with ascending aortic banding.
Hemodynamic data are shown in table 2. There was no significant difference in heart rates among the three groups of animals at rest or during either exercise level. Mean arterial pressure increased significantly in both normal and hypertensive dogs during exercise, but the increment in arterial pressure from rest to heavy exercise was greater in the hypertensive dogs (mean increase = 60 ± 10 mm Hg) than in the normal dogs (mean increase 29 7; p < .02). Similarly, the increases in systolic and diastolic aortic pressures during exercise were significantly greater in hypertensive animals than in normal dogs. In dogs with aortic banding, mean arterial pressure distal to the aortic constriction was not different from normal during resting conditions; however, mean arterial pressure did not increase during exercise, so that pressures distal to the aortic band were significantly less than normal during both levels of exercise. Diastolic arterial pressure increased significantly during exercise in the normal dogs, but decreased significantly in dogs with aortic banding so that in these dogs diastolic aortic pressures were significantly less than normal during both levels of exercise. Left ventricular end-diastolic pressure did not change significantly in the normal animals during exercise. In contrast, in both groups of animals with hypertrophy left ventricular end-diastolic pressures increased significantly during exercise. There was no significant difference in left ventricular end-diastolic Vol. 76, No. 4, October 1987 pressures between the two groups of animals with hypertrophy at rest and during either exercise level. Systolic ejection period per beat decreased with increasing heart rate during exercise in all three groups but was significantly longer in dogs with aortic banding than in either normal or hypertensive animals during both levels of exercise.
Mean myocardial blood flow and the transmural distribution of perfusion are shown in table 3 and figure 1. In normal dogs, mean myocardial blood flow underwent progressive significant increases during light and heavy exercise; subendocardial flow was maintained significantly higher than subepicardial flow during all interventions, as indicated by subendocardial/subepicardial blood flow ratios significantly greater than unity. In both groups of animals with hypertrophy, mean blood flow and the transmural distribution of perfusion were not different from normal during resting conditions. Both groups of animals with hypertrophy underwent normal increases of mean myocardial blood flow during light exercise, but subendocardial/subepicardial flow ratios tended to decrease, with this ratio becoming significantly less than normal in animals with aortic banding. During heavy exercise mean myocardial blood flow increased to values significantly greater than normal in both groups of animals with hypertrophy. The transmural distribution of perfusion was significantly different from normal in both groups of animals with hypertrophy. Unlike the normal dogs in which highest flow rates occurred in the subendocardium, in the dogs with hypertrophy myocardial blood flow was greatest in the midwall of the left ventricle. Absolute blood flow to layers 1, 2, and 3 was significantly greater in both groups with hypertrophy than in normal dogs (each p < .05). In animals with hypertension, the subendocardial/subepicardial flow ratio did not decrease from light to heavy exercise and was not significantly different from unity. In dogs with aortic banding, subendocardial flow was significantly less than subepicardial flow during heavy exercise, with a subendocardial/subepicardial flow ratio of 0.73 + 0.08; this value was significantly lower than that in dogs with hypertension (1.07 + 0.12; p < .05). During heavy exercise, absolute subendocardial blood flow (layer 4) was significantly lower in dogs with aortic banding (3.53 0.34 ml/min/g) than that in hypertensive dogs (4.77 + 0.40; p < .03), but the value in neither group with hypertrophy was significantly different from control (4.02 + 0.29).
Discussion
The most important finding of this study is that for similar degrees of myocardial hypertrophy, exercise resulted in substantially more marked subendocardial underperfusion in animals with ascending aortic banding than in dogs with arterial hypertension. In the hypertensive animals, relative subendocardial perfusion during heavy exercise was less than normal, although the subendocardial/subepicardial ratio did not fall below unity. This alteration in the transmural distribution of blood flow during heavy exercise could represent a primary perfusion abnormality, or could result from a difference in the transmural distribution of systolic wall stress (and therefore myocardial oxygen utilization).9 It is unlikely that maximum blood flow rates were achieved in the hypertensive animals during heavy exercise. Although minimum coronary vascular resistance is increased in animals with hypertensive left ventricular hypertrophy, maximum myocardial blood flow rates are not different from normal, since the increased coronary perfusion pressure appears to compensate for the impairment of minimum coronary vascular resistance.Ol 11 Mean coronary vascular resistance computed during heavy exercise in the present study was 41 5 mm Hg min g * ml-1, whereas Mueller et al.," using a similar experimental preparation, reported that minimum coronary vascular resistance during maximum pharmacologic vasodilation with adenosine was 26 3. Thus it does not appear that maximum coronary vasodilation was achieved during heavy exercise in the present study. It is possible that regional differences in vascularity of the hypertrophied heart could contribute to a change in the transmural pattern of perfusion during high flow states. In support of this, Tomanek et al. 12 found that capillary numerical density and volume density were lower in the endomyocardium of dogs with left ventricular hypertrophy produced by renovascular hypertension than those in normotensive control animals.
In contrast to the animals with hypertensive hyper- trophy, in animals with aortic banding the subendocardial/subepicardial blood flow ratio did fall significantly below unity during heavy exercise (0.73 ± 0.08). This occurred despite the fact that mean myocardial blood flow was not different from that in animals with similar degrees of hypertrophy produced by arterial hypertension. The major differences between these two groups with hypertrophy were (1) coronary perfusion pressure during diastole, when perfusion of the subendocardium principally occurs, was higher in hypertensive dogs than in dogs with aortic banding and (2) the systolic ejection period was significantly longer in animals with aortic banding during both exercise levels. In hypertensive animals, aortic diastolic pres-sure increased progressively (and significantly more than normal) during exercise. In contrast, diastolic aortic pressure did not increase in animals with ascending aortic banding, so that diastolic pressure was significantly less than in normal animals. Although pressure was not measured in the proximal aortic segment from which the coronary arteries arise, we have previously demonstrated that pressure across the constricting band equilibrates at the end of left ventricular ejection, so that diastolic pressures are the same in the proximal aortic segment and the distal aorta throughout diastole.5 The effect of the lower diastolic coronary perfusion pressure in the animals with aortic banding would be compounded by the observed increase in left ventricular ejection period, with shortening the interval of diastole when perfusion of the subendocardium can occur. 13 Although the systolic ejection period was significantly prolonged in dogs with aortic banding during both levels of exercise, subendocardial underperfusion was found only during heavy exercise. This may have occurred because the increased myocardial metabolic needs caused more intensive coronary vasodilation during heavy exercise, thereby limiting the ability of the coronary microvasculature to selectively direct blood to the subendocardium during the abbreviated diastolic perfusion period. 14 In addition to the lower diastolic coronary perfusion pressure and decreased diastolic perfusion period, the increased left ventricular systolic pressure could have contributed to the relative decrease of subendocardial perfusion in animals with aortic banding as compared with hypertensive animals. Other variables, including the degree of left ventricular hypertrophy, heart rate, and left ventricular diastolic pressure, were similar in the two groups of animals with hypertrophy. It is of interest that in valvular aortic stenosis aortic pressure also may not increase normally during exercise, so that aortic diastolic pressures may be less than normal. 15 However, because of differences in extravascular coronary compression and because the increased systolic pressure in the proximal aortic segment could lead to chronic coronary vascular changes in the animal preparation of supravalvular aortic stenosis, results obtained in the present study should not be extrapolated directly to patients with left ventricular hypertrophy secondary to valvular aortic stenosis. In the present study, similar increases of left ventricular mass occurred in both groups of animals with systolic overload, despite significantly higher left ventricular systolic pressures in the animals with aortic banding. Systolic wall stress was not examined in this study, so it was not possible to determine whether the hypertrophic process was associated with differing responses of left ventricular wall thickness relative to cavity diameter in the two preparations of systolic overload. However, blood flow per unit myocardial mass was normal in both groups of animals with hypertrophy during quiet resting conditions. This suggested that myocardial hypertrophy had returned abnormally elevated systolic wall stress toward normal; as systolic stress decreases in proportion to the increased wall thickness, oxygen consumption per unit myocardial mass returns toward normal. 6' 17 However, the increases of left ventricular systolic pressure during exercise were approximately twice normal in both groups of animals with hypertrophy. This exaggerated increase in left ventricular systolic pressure (and sys-tolic wall stress) would be expected to result in an abnormally great increase of myocardial oxygen consumption during exercise. Although myocardial oxygen consumption was not measured in the present study, this concept is supported by the abnormal increase in myocardial blood flow in both groups of animals with hypertrophy during heavy exercise. Holtz et al.'1 using puppies in which left ventricular hypertrophy was produced by banding the ascending aorta, did not observe an abnormally great increase in myocardial blood flow during exercise. However, that study used only a mild level of exercise that increased heart rates to 160 ± 13 beats/min. Similarly, in the present study the increase in myocardial blood flow during light exercise was not significantly different between normal animals and dogs with hypertrophy.
The difference in duration of systolic overload between the two groups of animals with hypertrophy requires discussion. Animals subjected to aortic banding were studied 2 months after the banding procedure, whereas hypertensive animals were studied an average of 5 months after production ofperinephritis. However, Marcus et al.10 found no difference in minimum coronary vascular resistance in dogs with left ventricular hypertrophy secondary to renovascular hypertension of 6 weeks or 6 months duration. These investigators found that minimum coronary vascular resistance during maximum coronary vasodilation with adenosine was increased approximately 50% in both groups of animals, indicating that the difference in duration of hypertension did not influence the response of the coronary vasculature. Thus it is unlikely that the longer duration of systolic overload in the hypertensive animals in the present study would have significantly influenced the results.
Previous studies of puppies in which left ventricular hypertrophy was produced by banding the ascending aorta have generally reported subendocardial/subepicardial flow ratios significantly lower than normal during resting conditions.5 18 In contrast, the transmural distribution of blood flow at rest was normal in both groups of animals with hypertrophy in the present study. The normal resting distribution of myocardial blood flow in this study may be related to the lesser degree of hypertrophy achieved when aortic banding is produced in adult animals, since Einzig et al. '9 observed that in anesthetized dogs with left ventricular hypertrophy produced by ascending aortic banding, subendocardial perfusion was related to the degree of hypertrophy, with increasing left ventricular/body weight ratios associated with progressive decreases of relative subendocardial perfusion. In adult dogs, the degree of aortic constriction is limited by the degree of pressure overload that can be tolerated abruptly. 20 In contrast, when banding is performed in puppies, the systolic pressure overload gradually increases as the area of aortic narrowing remains fixed in the face of normal body growth, resulting in a larger final pressure gradient. For this reason, aortic banding in puppies generally results in a greater degree of hypertrophy, with left ventricular weights nearly twice normal, as compared with an approximately 50% increase of relative left ventricular mass when aortic banding is performed in adult dogs.5' [18] [19] [20] Aortic banding was performed in adult animals in the present study, to eliminate any effect of differing age on growth of coronary vasculature between the two groups of animals subjected to left ventricular pressure overload. We have previously reported the effects of exercise in dogs in which left ventricular hypertrophy was produced by banding the ascending aorta at 6 to 9 weeks of age and myocardial blood flow was measured after the animals reached adulthood.5 In that study, heavy exercise was also associated with an abnormal transmural distribution of myocardial blood flow, but the mean subendocardial/subepicardial ratio during heavy exercise fell to only 0.94 + 0.03, as compared with 0.73 + 0.08 in the present study (p < .05). This finding indicates that dogs with pressure overload hypertrophy occurring in adulthood have greater vulnerability to subendocardial underperfusion during strenuous exercise than when hypertrophy occurs in young growing animals. This appears to be related to a functional abnormality associated with exercise, since minimum coronary vascular resistance during maximum coronary vasodilation with adenosine is similarly impaired whether hypertrophy occurs in young growing animals or not until after the animals have reached adulthood.21
In summary, this study demonstrated that left ventricular hypertrophy alone, even in the presence of increased diastolic pressure available for coronary perfusion in the hypertensive preparation, is associated with loss ofthe normal transmural gradient of perfusion favoring the subendocardium during exercise. However, when a similar degree of hypertrophy was associated with decreased diastolic aortic pressure associated with supravalvular aortic stenosis, substantially greater redistribution of blood flow away from the subendocardium occurred during heavy exercise to result in subendocardial/subepicardial flow ratios significantly less than unity. Abnormal subendocardial/ subepicardial blood flow ratios similar to those that occurred during heavy exercise in the dogs with aortic banding have previously been reported to be associated with evidence of myocardial ischemia in other experimental preparations. [22] [23] [24] 
